The prevalence of chronic kidney disease (CKD) is increasing worldwide and proteinuria is a critical prognostic indicator of CKD. Nephrin is produced by podocytes and functions as a slit barrier for inhibition of proteinuria. Nephrin expression is frequently decreased in CKD patients. Nevertheless, the mechanism by which nephrin declines during CKD-related pathological states remains to be determined. Using tensin2-deficient mice (ICGN/Oa strain), we provide evidence that tensin2 is important for glomerular nephrin expression in vivo. In heterozygous mice with a single mutated tensin2 allele, nephrin expression was maintained, while albuminuria was not observed. In contrast, nephrin expression was impaired, especially in the central zones of glomeruli of homozygous mice (with double mutated tensin2 alleles), even at one week after birth. In homozygous mice, extension of synaptopodin, a key actin-associated protein, was also suppressed in the central zone of glomerular tufts. Consistent with the loss of nephrin and synaptopodin expression, severe albuminuria was detected in homozygous ICGN/Oa mice. Therefore, we suggested that tensin2 is involved in expression and extension of nephrin, while tensin2 deficiency may result in proteinuria, associated with the loss of slit integrity.
Chronic kidney disease (CKD) is recognized as an independent risk factor for cardiovascular disease, particularly in the elderly, and has been defined by estimated glomerular filtration rate and markers of renal damage (36) . Advanced CKD is histologically diagnosed by the presence of renal fibrosis, which is characterized by a loss of functional renal cells as well as replacement by extracellular matrix proteins (12) . Renal fibrosis is the common final pathway, leading to renal dysfunction (12) . Proteinuria is a reliable marker of CKD-related illness status. In fact, the degree of proteinuria correlates with the predisposition to renal fibrosis in both humans and animal models of chronic renal disease (31, 37) . Therefore, it is important to identify the mechanisms by which proteinuria is physiologically controlled prior to the manifestation of CKD. Glomerular visceral epithelial cells (i.e., podocytes) play important roles in the prevention of proteinuria during chronic renal injury (2, 13) . For example, extension of foot processes by podocytes is a defensive response to glomerular injury (33) . During this compensatory process, nephrin is expressed on the surface of podocytes and functions as a key trans-dimerized molecule, providing the inter-cellular bridges of podocyte cell bodies (termed the "slit diaphragm") (13) . Indeed, humans with mutated nephrin genes manifest Finnish-type nephrotic syndrome (15) . In rats, administration of antibodies against nephrin induced severe glomurular injury determine the natural course of renal morphological changes, the heterozygotes and homozygotes were subjected to autopsy at 1, 5 and 20 weeks of age.
Estimation of albuminuria. Urine samples were collected and analyzed using SDS-PAGE, as previously described (17) . Bovine serum albumin (Sigma, St. Louis, MO, USA) was used as the albumin control band. Urinary albumin concentrations were determined using the bromo-cresol green method (21, 22) (ALB-G test kit; Denka Seiken, Tokyo, Japan).
Antibody. Wilm's tumor-1 (WT-1) is widely used as a specific marker of glomerular podocytes (20) . Thus, we used anti-WT1 IgG (1 : 100) (Santa Cruz, Santa Cruz, CA, USA) to detect podocytes. Furthermore, anti-nephrin IgG (1 : 200) (Santa Cruz), and anti-synaptopodin IgG (1 : 5) (Progene, Heidelberg, Germany) were used to detect the slit diaphragm components. To detect tensin2 protein, anti-tensin2 IgG (1 : 50) (TransGenic Inc, Kobe, Japan) was used.
Immunohistochemical analyses. The right kidney was removed at autopsy and placed in cold 10%-buffered formalin for 24 h. Transverse sections of kidney tissue were embedded in paraffin using a standard method. Tissues were cut into 4-μm sections. Tissue sections were then de-waxed and subjected to the following procedures. Antigen retrieval was performed using 0.1 M citrate buffer (pH 6.0) at 121°C for 5 min. Sections were first incubated in 0.3% H 2 O 2 in PBS for 20 min, followed by incubation in 10% normal serum (goat serum for rabbit anti-WT1, horse serum for goat anti-nephrin and mouse anti-synaptopodin) for 30 min. Sections were incubated with the primary antibodies at 4°C overnight, washed with PBS, followed by incubation with biotin-labeled secondary antibodies (Vector, Burlingame, CA, USA). An avidin-biotin coupling reaction was performed on renal sections using a kit (Elite, Vector). All antigen were visualized as brown, with 3,3'-diaminobenzine (Nacalai, Kyoto, Japan). After washing with distilled water, sections were stained with hematoxylin and mounted with Eukit (O. Kindler, Germany).
Morphometric examination.
To evaluate the integrity of slit diaphragm, we determined the degree of podocyte-specific marker expression (such as nephrin and synaptopodin). In brief, at least 20 glomeruli were randomly chosen, and nephrin or synaptopodin expression levels in the glomerulus were scored and albuminuria (38) , indicating that nephrin is critical for maintenance of slit diaphragm integrity in healthy animals. Importantly, recent studies reveal that glomerular nephrin expression is markedly reduced during CKD, regardless of the underlying etiology of CKD, including diabetic nephropathy and other glomerulonephritis (8, 16) . Paradoxically, how nephrin is stably expressed on podocytes should be determined, but little information is available regarding the molecular basis of nephrin expression during CKD-related disease states. The nephrotic ICGN mouse strain has been used as a model of nephrotic syndrome (26, 27) . To date, the histological and clinical events that occur during the progression of nephrotic syndrome have been characterized and the pathological symptoms of CKD (such as albuminuria, hypo-albuminemia and renal fibrosis) have been described (17, (21) (22) (23) . Prior to the onset of CKD, there are significant lesions in glomerular areas (i.e., mesangiolysis, myofibroblastosis and over-deposition of matrix proteins), even in neonatal ICGN mice (24) . Results of recent genomic studies reveal that a mutation of tensin2 cDNA may cause proteinuria in nephrotic ICGN mice, along with failure of the glomeruli to maintain expression of tensin2 (6) . Nevertheless, little is known about the chronological changes that occur in glomerular podocytes of nephrotic ICGN mice; in particular, information regarding the initial alterations in nephrin is lacking. Using a nephrotic mouse strain (ICGN/Oa), we provide histological evidence that nephrin expression declines in the glomerular tuft under tensin2 deficiency associated with the onset of albuminuria. Because both nephrin and tensin2 are important for actin-associated biological events during cellular dynamisms (4, 9, 25, 33) , tensin2 may be required for the stable expression of nephrin via stabilization of the cytoskeleton. We discuss the possible relationships between tensin2 and nephrin that create a slit barrier to avoid proteinuria, a common indicator of CKD.
MATERIALS AND METHODS

Animals.
The ICGN/Oa strain was established via more than 40 inbred crosses from maternal colonies of ICGN mice (17, (21) (22) (23) (24) . The mice were maintained at 21 ± 2°C and 40 ± 5% humidity under specific pathogen-free conditions, and were fed a commercial laboratory diet (MF; Oriental Yeast, Tokyo, Japan). Heterozygotes were prepared by mating homozygous males and heterozygous females. To were used for parametric data and Mann-Whitney U-tests were used for non-parametric data to compare group means of homozygous (nep/nep) and heterozygous (+/nep) mice. P-values < 0.05 were considered statistically significant.
RESULTS
Changes in urinary albumin levels in nephrotic ICGN/Oa mice
We first determined the phenotypes of ICGN/Oa strain using a previous method (17) . In brief, SDS-PAGE analysis of urine samples was used to detect albuminuria in mice that were verified to be homozygous (nep/nep) mice. A 66.1-kDa protein (which is equivalent in size to BSA) was present in urine of homozygous (nep/nep) mice, while the protein in urine of heterozygous (+/nep) mice was much less (Fig. 1A) . Furthermore, we genetically confirmed the homozygous and heterozygous phenotypes, based on a genetic PCR (manuscript in submission), where the PCR primers were designed according to the tensin2-mutated locus (6). We next measured the concentration of albumin in urine, using a bromo-cresol green method, as reported (21) . In heterozygous (+/nep) mice, urinary albumin concentrations were less than the threshold of detection throughout the entire experimental period (Fig. 1B) . In contrast, albuminuria was evident even in one-week-old (1W) homozygous (nep/nep) mice (1W: > 4 mg/mL). Furthermore, the urinary albumin excretion in homozygous mice increased over time (20W: > 20 mg/mL) (Fig. 1B) . Thus, these based on the extent of immunostaining in the glomerulus, as follows: 0 = none, 1 = faint, 2 = mild, 3 = moderate, 4 = strong (10, 22) . The extent of podocyte-specific protein expression was quantified using the marker expression index, which was calculated using the following formula: marker expression index = (total score / glomerular number examined). To determine the number of podocytes and of total cells in the glomerulus, WT1-positive and WT1-negative cells were counted respectively. The overall means of WT1-positive cells for each age group were calculated based on individual values (n = 5), which were determined for at least 20 glomeruli per mouse.
Immunofluorescence staining. Tensin2 and synaptopodin were localized in the same sections using fluorescence techniques. After sections were dewaxed, antigen retrieval was performed using 0.1 M citrate buffer (pH 6.0) at 121°C for 5 min. The renal sections were incubated with anti-synaptopodin mouse IgG and anti-tensin2 rabbit IgG at 4°C overnight. The tissue sections were then washed with PBS, followed by incubation with Alexa488-conjugated anti-mouse IgG (1 : 600) (Invitrogen, Carlsbad, CA, USA) and Alexa546-conjugated anti-rabbit IgG (1 : 600) (Invitrogen). In this method, tensin2 and synaptopodin were visualized as red and green signals, respectively, using an LSM5 PASCAL confocal microscope (Carl Zeiss, Germany).
Statistical analysis. The experimental data were expressed as mean ± S.D. (n = 5). Student's t-tests homozygous mice, especially in the central areas (Fig. 3A, lower panel) . Throughout the entire experimental period, nephrin staining scores for the marginal areas in homozygous mice were significantly less than scores for heterozygous mice (Fig. 3B) . More importantly, nephrin expression in the central tufts was apparently reduced in homozygous mice at all time points compared with expression in heterozygous mice (nephrin staining index at 1W: 0.39 ± 0.11 vs. 1.15 ± 0.40) (Fig. 3C) . This result indicates early loss of slit diaphragm integrity in our mouse model.
Decreased synaptopodin expression in neonatal, nephrotic ICGN/Oa mice
To determine the mechanism of suppressed nephrin expression, we focused on localization of synaptopodin, which is an important molecule for actin organization at podocyte foot process (1). Renal histochemistry revealed that synaptopodin expression patterns were similar to those of nephrin expression. In non-nephrotic (+/nep) mice at 1 and 5 weeks of age, synaptopodin was detected in both marginal and central areas of glomeruli, while in nephrotic (nep/nep) mice, synaptopodin was localized mostly in the marginal areas (Fig. 4A) . Synaptopodin staining index for the marginal area of glomerular tuft was similar at 1 and 5 weeks of age (i.e., at which time onset and progression of albuminuria occur, respectively) (Fig. 4B) . In contrast, histological quantification analysis revealed significant differences in the central areas (1W: 1.03 ± 0.46 vs. 5W: 0.21 ± 0.1, P < 0.01), (Fig. 4C) . In addition, synaptopodin expression was faint both in the marginal and central areas in 20-week-old nephrotic mice, as glomerular sclerosis increased (21, 22) .
Glomerular central localization of tensin2 in the ICGN/Oa mice
Finally, we examined localization of tensin2, using fluorescent imaging, to explain the extension of synaptopodin (another key actin-associated protein). In non-nephrotic (+/nep) mice, tensin2 was localized in the glomerular central zones (and, in part, in proximal tubules), while synaptopodin was globally expressed in the glomerular tuft (Fig. 5, upper panel) . The merged fluorescent image showed that synaptopodin expression appeared to extend toward tensin2-positive spots. In contrast, there was little tensin2-positive signal in nephrotic (nep/nep) mice, as reported (6) . Moreover, absence of tensin2 was associated with the loss of synaptopodin extension from the marginal to central zones (Fig. 5, lower data strengthen the previous findings that nephrotic ICGN mice manifest persistent proteinuria during the progression to CKD (17, 21) .
Changes in the number of glomerular podocytes
It is known that a decrease in the number of podocytes elicits albuminuria (20) . Thus, we used immunohistochemical staining for WT1 to determine the number of podocytes in heterozygous and homozygous ICGN/Oa mice at 1, 5 and 20 weeks of age. WT1 was detected at one week after birth (i.e., during the comma-shaped body stage of glomerular development) in both heterozygous and homozygous mice ( Fig. 2A) . As shown by quantitative studies, there was no difference in the number of WT1-positive glomerular cells between heterozygous and homozygous mice (1W: 13.4 ± 1.18 vs. 13.8 ± 1.66 cells per glomeruli) (Fig. 2B) . At this time point, the total number of cells per glomerulus did not differ between homozygous and heterozygous mice (Fig. 2C) . Taken together, we predict that albuminuria in its early stages, i.e., as was observed in homozygous mice at one week of age, is not due to a reduction in podocyte number. In contrast, at 20 weeks of age, homozygous mice exhibited a loss of both podocytes and total cells (Fig. 2B and 2C ). The reduced cellularity may be a consequence of severe glomerulosclerosis that occurs during the advanced stages of CKD, as reported (21, 22) . Albuminuria that was detected during the early stages of CKD, i.e., at one week of age, in homozygous mice, was not associated with the loss of glomerular podocytes. Thus, we hypothesized that qualitative (rather than quantitative) changes in podocyte function may explain albuminuria that occurs during the neonatal period.
Loss of glomerular nephrin in nephrotic ICGN/Oa mice
To test our hypothesis, we evaluated changes in nephrin expression, which was localized in the slit diaphragm. Renal histochemistry revealed differences in nephrin distribution between non-nephrotic (+/ nep) and nephrotic (nep/nep) mice. In non-nephrotic mice, nephrin was localized in the marginal and central areas of glomerular tufts (Fig. 3A, upper  panel) . One week postpartum, nephrin was predominantly localized in the marginal areas of glomerular tuft, and gradually extended to the central areas. This pattern of expression was similar to that reported previously, and suggests that nephrin is critical for extension of podocyte foot processes (33) . In contrast, glomerular nephrin expression was faint in panel). It is reported that tensin2 is expressed by podocytes in glomerular areas (6), while we found the co-localization of tensin2 and synaptopodin in the central zone, thus suggesting an important role of tensin2 in maintenance of slit integrity. 170-kDa and has a carboxyl-terminal end, which includes a Src homology (SH)-2 domain that mediates both protein-protein contact and cell migration associated with actin re-organization (5). Tensin2 mRNA is expressed at high levels, not only in the kidney, but also in other organs (such as skeletal muscle, heart and liver). In our mouse model, however, the significant lesions were limited to the kidneys (22) (23) (24) . To explain the specificity of renal damage, we focused on podocytes, because these cells always undergo filtration stress, which involves organization of F-actin (9) . More importantly, the biological events that lead to foot process (FP) extension by podocytes are similar to those that involve tensinmediated actin (re-)organization during cell migration (25) . These backgrounds led us examine the role of tensin2 in actin-associated events for sustaining slit integrity. Indeed, a key finding of the present study is that nephrin expression was impaired in nephrotic (nep/ nep) mice at one week after birth. Nephrin has extra-cellular and intra-cellular domains and provides a molecular barrier, as follows: (i) an extra-cellular "bridge" forms via trans-dimerization, leading to cell-cell contact between podocytes (32); and (ii) an intra-cellular signal transduction occurs via recruitment and phosphorylation of Src-related molecules (14) . It is important to note that nephrin is needed DISCUSSION Proteinuria is a critical pathway that ultimately results in CKD. Recently, attention has been paid to the role of podocyte biology in pathogenesis of CKD (2, 3, 13) . Previously, we analyzed the clinical and histopathological features of nephrotic ICGN mice, which are a model of CKD with proteinuria (21) (22) (23) . A genetic study of this strain revealed that the abnormal gene(s) mapped to the chromosome 15 (29) , subsequently, a point mutation in tensin2 gene (resulting in disappearance of tensin2 protein) was identified (6) . However, the molecular mechanism by which tensin2 deficiency leads to albuminuria and glomerular injury remains to be identified. Herein, we provide evidence that nephrin expression does not extend into the central zone of glomeruli under tensin2-deficient conditions. As tensin2 is localized mostly in glomerular central areas, this molecule seems to act as a "guidance spot" for central recruitment of nephrin. We will discuss the possible molecular linkages between nephrin, synaptopodin and tensin2, all of which are required for maintenance of the slit barrier during the glomerular filtration. Tensin family is known as a focal adhesion molecule that binds to actin filaments and thereby plays a critical role in cell migration (4, 25) . Tensin2 is a similar to that of both tensin2 and synaptopodin, as observed in both non-nephrotic and nephrotic mice (our unpublished data). Thus, possible protective events are as follows: (i) tensin2 is expressed at the peripheral side of podocytes, possibly to bind F-actin; (ii) under conditions of F-actin-adherence, synaptopodin extends from the marginal to central zones; and (iii) synaptopodin is able to support nephrin expression at the periphery of podocytes. In other words, tensin2 deficiency may lead to loss of nephrin from the central zones. In patients with CKD, loss of nephrin occurs despite the increased level of nephrin mRNA (16) , probably due to enhanced protein degradation. Additional studies are needed to address the possibility of nephrin degradation in our model. Finally, we will discuss the molecular mechanism of podocyte injury (such as the decrease in podocytes and loss of nephrin), as observed in 20-weekold nephrotic mice. Associated with advanced progression of CKD, glomerulosclerosis becomes evident (21) . During this process, transforming growth factor-β (TGF-β) levels markedly increased in the glomerular tuft of nephrotic ICGN mice (22) . Recent studies indicate that TGF-β induces apoptotic cell death in cultured podocytes (34) and suppresses nephrin expression in podocytes (18) . In addition, TGF-β enhances trans-differentiation of for FP formation (33) . Indeed, nephrin-knockout mice show a loss of FP (30) . Likewise, an electron microscopic study revealed that nephrotic ICGN mice manifested FP effacement and thickening of the glomerular basement membrane (GBM) in the neonatal stage (28) . The GBM abnormality may results from glomerular hyperfiltration, as reviewed (31) . Conversely, thickening of the GBM causes FP effacement due to poor attachment of FP to the GBM (3). Although we cannot rule out the involvement of GBM abnormalities in acceleration of podocyte injury, we predict that "central loss" of nephrin, rather than a decline in podocyte number, may cause progression of albuminuria, especially during five weeks after birth. The mechanism by which nephrin expression in the central area declines should be discussed. We focused on synaptopodin, which is a key molecule during actin organization (1), because nephrin expression is also regulated via actin dynamism (9) . Indeed, expression of nephrin was synchronized with that of synaptopodin in vitro (7, 35) and in vivo (11, 20) . Here, we found that nephrin and synaptopodin are expressed globally in glomerular tufts when tensin2 is expressed in the central zone. In contrast, neither synaptopodin nor nephrin appeared in the central zones during tensin2-deficiency. Of importance, glomerular distribution of F-actin was podocytes into myofibroblasts (18) . Of note, myofibroblasts appeared in the glomeruli of nephrotic ICGN mice (22, 24) , concurrent with over-expression of TGF-β. Collectively, over-expression of TGF-β may be critical to reduction in podocyte number and down-regulation of nephrin, as noted in 20-week-old nephrotic mice. Given that TGF-β increases albumin permeability across podocyte monolayers (18) , such TGF-β-mediated cellular changes may exacerbate albuminuria. Nephrin expression confers a barrier that inhibits proteinuria (6, 32) , but the molecular basis of slit stability is not fully understood. Based on all available data, we predict that tensin2 is an important anchor that supports nephrin extension, probably via recruitment of actin-mediated cytoskeletal structures. Of interest, tensin1-knockout mice also manifest a pathological phenotype similar to that observed in patients with CKD (19) . Tensin1 is produced in mesangial cells (19) , while tensin2 is expressed by glomerular podocytes (6) . Although future studies are necessary to discriminate the role of tensin1 and tensin2 in each renal cellular component, we believe that this study enhances our understanding of the podocyte slit diaphragm at the molecular level. Human genomic studies, focusing on the tensin2 gene sequence, are now underway.
